8.74), p trend = 0.02]. Conclusions: Reduced eGFR and albuminuria are associated with increased risk for infection-related mortality. Efforts are needed to reduce its incidence and mitigate the effects of infections among individuals with CKD.
esized reasons for this association include increased susceptibility to infection, the presence of comorbidities such as diabetes, and repetitive exposure to pathogens during hemodialysis.
In contrast to the approximately 500,000 dialysis patients, over 20 million US adults have CKD [1, 8] . An important unanswered question is whether the increased risk of infection and infection-associated mortality extends from dialysis patients to the much larger population of patients with predialysis CKD. An association between earlier stages of CKD and infection or infection-associated mortality has important implications for clinical care, pointing to infection prevention and mitigation as important strategies for reducing mortality in this population.
The objective of this study was to determine the association between moderate-to-severe CKD and death attributed to infection. To address this objective, we evaluated the association of reduced estimated glomerular filtration rate (eGFR) and increased albuminuria with infection-related mortality in the general US population 6 45 years of age using data from the Third National Health and Nutrition Examination Survey (NHANES III) Mortality Follow-Up Study.
Materials and Methods

Study Design and Setting
The protocol for NHANES III was approved by the Institutional Review Board of the National Center for Health Statistics of the Centers for Disease Control and Prevention. All participants gave written informed consent. The Institutional Review Board of the University of Alabama at Birmingham determined the analysis of NHANES III data to be exempt research.
NHANES III was conducted by the National Center for Health Statistics of the Centers for Disease Control and Prevention [9] . Few infection-related deaths occurred among adults ! 45 years of age. Therefore, we limited the current analysis to participants 6 45 years of age. Between 1988 and 1994, 9,787 adults 45 years of age and older participated in NHANES III.
Baseline Data Collection
NHANES III baseline data were collected during an in-home interview and a subsequent visit to a mobile examination center (National Center for Health Statistics 1994). Information on demographics, education, cigarette smoking and physical activity were collected using a standardized questionnaire. Blood pressure and waist circumference to the nearest 0.1 cm were measured during the in-home interview and/or participant visit to the mobile examination center.
We used serum and urine laboratory assay values as obtained and reported by NHANES [9, 10] . Serum C-reactive protein (CRP) was quantified using latex-enhanced nephelometry, a low sensitivity assay. Since a large proportion of participants had CRP values below the limit of detection, we categorized participants as having CRP ! 3.0 (i.e. below the limit of detection), between 3.0 and 9.9, or 6 10.0 mg/l. We defined diabetes mellitus as a fasting plasma glucose 6 126 mg/dl, a nonfasting plasma glucose 6 200 mg/dl and/or a self-reported history of diabetes with concurrent use of antidiabetes medication. eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation and categorized as 6 60, 45-59.9 and ! 45 ml/min per 1.73 m 2 [11] . Urinary albumin-to-creatinine ratio (ACR) was categorized as ! 30, 30 to 299.9 and 6 300 mg/g.
Outcomes and Covariates
The primary outcome was death due to infection. Adult NHANES III participants were followed for mortality through December 31, 2006. Probabilistic matching was used to link NHANES III participants with the National Death Index to ascertain vital status and cause of death [9] . The National Death Index is a central index of death record information from all US states, including information on the underlying cause of death as reported by the certifying physician. Probabilistic matching was based on 12 identifiers for each participant (e.g. Social Security number, sex, date of birth) [12] .
The International Statistical Classification of Diseases, Injuries and Causes of Death (ICD) revision 9 was used for classifying deaths occurring between 1988 and 1998, and ICD revision 10 (ICD-10) for deaths occurring between 1999 and 2006. Prior studies of hospital discharge and mortality data have used ICD-9 and ICD-10-based taxonomies to identify infection-related diagnoses and deaths [13, 14] . Using this strategy, we identified cause of death categories related to infections, including septicemia, respiratory (e.g. pneumonia), abdominal and gastrointestinal (e.g. appendicitis, diverticulitis), cardiac (e.g. endocarditis), kidney and genitourinary (e.g. pyelonephritis, pelvic inflammatory disease), neurologic (meningitis), and other infections (online suppl. Appendix 1, www.karger.com/doi/10.1159/000330673). Based on the available data, we could not distinguish hospital or institutionalacquired infections.
Follow-up for each study participant consisted of the time between their NHANES III examination and the date of death. Follow-up was censored at December 31, 2006 for those who did not die.
Data Analysis
We defined baseline eGFR by the categories 6 60, 45-59.9 and ! 45 ml/min/1.73 m 2 and albuminuria by the categories ! 30, 30-299.9 and 6 300 mg/g. Using Cox proportional hazards regression models, we calculated hazard ratios for infection-related mortality associated with eGFR and ACR. Initial models included adjustment for age (using a linear spline with a knot at 60 years of age), race/ethnicity and sex. Subsequent models included additional adjustment for tobacco use, waist circumference, total cholesterol, hypertension, diabetes mellitus, history of stroke or myocardial infarction CRP, serum phosphorus, serum albumin, and serum 25(OH)D. We also fit a multivariable model with additional adjustment for log-transformed ACR and eGFR. To test for linear trends across levels of eGFR and ACR, we included the median eGFR and ACR value within each eGFR and ACR level as a continuous variable in the Cox regression models.
Finally, we fit a multivariable-adjusted Cox regression model with cross-categorized eGFR and ACR. For this final analysis, we a priori grouped those with eGFR levels of 45-59.9 and ! 45 ml/ min/1.73 m 2 as well as those with ACR levels of 30-299.9 mg/g and 6 300 mg/g due to the relatively low number of cases in these groups. We calculated hazard ratios for infection-related mortality for participants with (1) eGFR ! 60 ml/min/1.73 m 2 and ACR ! 30 mg/g, (2) eGFR 6 60 ml/min/1.73 m 2 and ACR 6 30 mg/g, and (3) eGFR ! 60 ml/min/1.73 m 2 and ACR 6 30 mg/g, each compared to the reference group of (4) eGFR 6 60 ml/min/1.73 m 2 and ACR ! 30 mg/g. All data were analyzed using SUDAAN (version 9.0; Research Triangle Institute, Research Triangle Park, N.C., USA) to account for the complex NHANES sampling design, including unequal probabilities of selection, oversampling, and nonresponse.
Results
For the current analysis, we excluded 1,784 participants who were missing data for serum creatinine, 25 participants with an eGFR ! 15 ml/min/1.73 m 2 , 570 participants who were missing data for urinary albumin or urinary creatinine, and 8 participants who did not have follow-up information. We included the remaining 7,400 NHANES III participants 6 45 years of age in the analysis. Participants who were excluded due to missing data were older and more likely to be non-Hispanic Black. However, the gender distribution was similar between included and excluded individuals.
Participant Characteristics
The prevalence of eGFR levels of 6 60, 45-59.9 and ! 45 ml/min/1.73 m 2 were 90.2, 7.0 and 2.8%, respectively. The prevalence of ACR levels of ! 30, 30-299.9 and 6 300 mg/g were 87.2, 11.0 and 1.8%, respectively. Participants with lower eGFR and higher ACR were older, had less education and were more likely to be physically inactive, taking antihypertensive medication, have diabetes, and a have history of stroke and myocardial infarction ( table 1 ) . Additionally, on average, participants with lower eGFR and higher ACR levels had a larger waist circumference, higher levels of systolic blood pressure, total cholesterol and CRP, and lower levels of serum albumin and serum 
eGFR and Infection-Related Mortality
The infection-related mortality rates were higher in individuals with lower baseline eGFR levels ( table 2 and online suppl. Appendix 2). Lower eGFR levels were associated with higher hazard ratios for infection-related death after adjustment for age, race/ethnicity, sex and other confounders. Although attenuated, increased hazard ratios for infection-related mortality at lower eGFR levels remained present after multivariable adjustment (p trend = 0.01) and additional adjustment for log-transformed ACR (p trend = 0.06).
ACR and Infection-Related Mortality
Infection-related mortality rates were higher among participants with higher baseline ACR levels ( table 2 and online suppl. Appendix 2). Higher ACR was associated with increased hazard ratios for infection-related mortality after adjustment for age, race/ethnicity and sex. Although the hazard ratios for infection-related mortality remained increased after further adjustment for eGFR, the 95% CI were wide and included the null. However, the trend for increased infection-related mortality at higher ACR levels was statistically significant (p trend = 0.02).
Cross-Categorization of eGFR/ACR with Infection-Related Mortality
In a multivariable model incorporating both eGFR and ACR, the hazard ratios for infection-related mortality were higher for those with lower eGFR, higher ACR or both ( table 3 ) . Multiplicative interaction between eGFR ! 60 ml/min/1.73 m 2 and ACR 6 30 mg/g on infectionrelated mortality was not present (p = 0.36).
Discussion
In the current study, we report an association between CKD and an increased risk of death from infections. This association was graded across lower eGFR and higher ACR levels and robust to multivariable adjustment for Adj usted for age (modeled using a linear spline), race/ethnicity, sex, smoking status, waist circumference, total cholesterol, hypertension, diabetes mellitus, history of stroke or myocardial infarction, serum 25(OH)D, serum phosphorus and serum albumin. multiple potential confounders. Additionally, when considered jointly, individuals with both reduced eGFR and high ACR had an especially high risk for infection-related mortality. Prior studies have reported an increased risk of infection, bacteremia, sepsis and sepsis mortality among patients receiving chronic hemodialysis [6, 7, 15] . The present study extends these previous findings to the substantially larger population of patients with predialysis CKD.
Using provincial administrative data from Calgary, Canada, James et al. [16] identified a higher risk of bloodstream infection in older patients with CKD and subsequent 30-day death. Our study focused on infection-attributed mortality and encompassed all infections, which is clinically relevant since patients are susceptible to and die from a range of infection types -not just bacteremia. In contrast to the 3.2 years of follow-up in the James et al. study, our study followed participants for a median of 14 years, affirming the long-term persistence of infectionmortality risk.
While the high rate of infection among dialysis patients may be related to dialysis-related exposures, CKD patients do not have chronic exposure to hemo-or peritoneal dialysis. Also, the associations of our study persisted even after adjustment for comorbidities such as diabetes and hypertension. These results suggest that other mechanisms may increase the risk for infection among patients with CKD. We were unable to distinguish whether increased infection-related mortality is due to heightened susceptibility or impaired ability to respond to the acute infection.
Numerous studies have linked CKD with all-cause and cardiovascular mortality [3, 4, 17] . In an analysis of 1.1 million adults in the Kaiser Permanente Renal Registry, Go et al. [3] found increasing risks of all-cause mortality and cardiovascular death with worsening eGFR, and attributed these associations with prior cardiovascular disease, inflammatory factors, enhanced coagulopathy, anemia, left ventricular dysfunction, endothelial dysfunction, etc. While our study cannot elucidate the factors linking CKD with heightened infection mortality, infection, sepsis and cardiovascular disease share many of the same hypothesized risk factors and mechanisms. For example, sepsis is characterized by exaggerated inflammatory response to infection [5] . Coagulation and endothelial dysfunction have been implicated in sepsis pathophysiology [18] . Sepsis outcomes are worse in obese patients as well as those with diabetes [19] [20] [21] . Cardiovascular disease compromises the host response to sepsis and septic shock, pointing to connections between cardiovascular and infection risk in this population [22] . In this context, cardiovascular mortality may be a competing risk for (i.e. precluding the occurrence of) infection-related mortality. Additional study is warranted to identify the independent and overlapping factors that potentiate infection susceptibility and mortality in CKD patients.
This study has important implications for clinical care of patients with CKD. Strategies to reduce infection may involve the prevention or mitigation of downstream inflammatory responses to infection. For example, avoidance of unnecessary vascular access or invasive procedures may reduce exposure to pathogens. Vaccination may also play an important role in infection prevention. Optimal management of cardiovascular disease risk factors such as hypertension, diabetes, obesity and tobacco use may improve a patient's ability to respond to infection and sepsis. Prior studies suggest that statin use among end-stage renal disease patients may protect against sepsis [23] . Finally, due to very low rates of awareness, detection of CKD is essential [24] . In a study of 3,803 adult with coronary heart disease in the REGARDS cohort, McClellan et al. [25] found that less than 10% of individuals with CKD (defined by eGFR ! 60 ml/min/1.73 m 2 ) were aware of their condition.
Despite ample data describing the clinical and physiologic course of acute sepsis, there is relatively little knowledge regarding risk factors for sepsis or potential preventive measures [14] . Prospective population-based studies are necessary to elucidate these risk factors. A broader understanding of infection and sepsis risk factors may lead to key knowledge to reduce CKD mortality.
Limitations
A major limitation of the current study is the lack of data on nonfatal events. Infection-related mortality captures only the most severe events. Based on the available data, we could not distinguish hospital or institutionally acquired infections. Additionally, the current study relied on the National Death Index for determining cause of death. Although the reliability of mortality follow-up through the National Death Index is very high (98.5%), this method relies on death certificates which may contain inaccurate information [26] .
Certain individuals may have had a secondary infection that played prominent roles in their death. Because the public-use NHANES data set does not have information on contributing causes of death, we relied on the assigned underlying cause alone. The cause of death cat-egories may have excluded important infections such as peritonitis, pyothorax or abscesses. Furthermore, for analytic purposes we combined all infections together, but select patients may have responded differently to individual infections. However, we lacked an adequate number of outcomes to ascertain mortality from specific infection groups. While other competing conditions may have influenced the incidence of infectionrelated death, we did not perform a formal competingrisks analysis.
We inferred eGFR and ACR levels from a single baseline visit. Approximately 50% of individuals with ACR 6 30 mg/g on a single measurement do not have persistent albuminuria [27] . The public-use NHANES data set did not have HIV status available. Because participants in NHANES III were examined at baseline only without follow-up testing, we were unable to ascertain changes in subject characteristics over time. We were also unable to account for changing patterns of immunization or infection over time.
Conclusions
In conclusion, reduced eGFR and albuminuria were each associated with an increased risk for infection-related mortality in this general population sample of US adults. Efforts are needed to reduce the incidence and mitigate the effects of infections among individuals with CKD.
